Abstract The spread of antibiotic-resistant bacteria is a threatening risk for human health at a global scale. Improved knowledge on the cycle of antibiotic resistance spread between human and the environment is a major requirement for the management of the current crisis. Compared to the well-studied cycle in clinical settings much less is known about the factor allowing their persistence in the environment. In fact, lakes and rivers exposed to high anthropogenic impact seem to become long-term reservoirs for resistance genes. The presence of antibiotic resistance genes (ARGs) within the resident microbiome of large subalpine lakes (i.e. Lake Geneva, Lake Maggiore) has recently been investigated in both the water column and the sediment. These studies suggest a correlation between the abundance of some ARGs and the anthropogenic impact. Within the system, however, abiotic factors and the food-web structure determine the survival of specific bacterial genotypes and thus the resistance genes they harbour. Thus, a growing body of work suggests an important role of ecological interactions in the persistence or elimination of such genes from the environment. This article reviews the current literature regarding the presence of ARGs in subalpine lakes, the impact of anthropogenic pollution on their appearance and the potential role of various ecological interactions on their persistence in the system.
Introduction
Resistance against antibiotics (AR) is the capability of bacteria to resist antibiotic treatments, either in nature, in husbandry, or in human care. AR is a natural process of adaptation of bacteria against disturbing molecules produced by other bacteria, or fungi, in order to gain an advantage in competitiveness. Since antibiotics have been introduced in the 1940s in human and animal care, their excessive use and misuse lead to a dramatic spread of AR in human pathogens, posing a main threat to global public health (World Health Organization, 2014; Piddock, 2016) . Despite a raising awareness on the problem posed by the spread of AR in the EU and the US, the public opinion is still little informed (e.g. in 2015 only 15% of Italians received information on the correct use of antibiotics; European Union, 2016) , and the global consumption of antibiotics is continuously increasing (e.g. in human medicine it rose by nearly 40% between 2000 and 2010; World Health Organization, 2014) . Furthermore, the scarcity of data on antibiotic consumption and AR spread at regional and global scale, reduce the possibility of a globally coordinated AR surveillance (World Health Organization, 2014) . Antibiotic-resistant bacteria (ARB) cause increasing healthcare costs, prolonged hospitalization of patients and finally a significant number of deaths. In the last years, about 50,000 deaths per year in the EU could be directly associated to infections by ARB with additional health care costs and productivity losses estimated in the €1.5 billion range each year (ECDC/EMEA, 2009; Centers for Disease Control and Prevention, 2013) . Models foresee a drastic increase of deaths and costs for the national health systems in the next 50 years if there are no significant advances in research, economics and societal approach to the use of antibiotics (Sugden et al., 2016) . In detail, the massive use and misuse of antibiotics resulted in a drastic spread of AR not only in bacterial communities in clinical and agricultural settings, but also within the natural bacterial communities in areas (urban, industrial and rural) exposed to anthropogenic activities (Amos et al., 2015) .
Despite the fact that there is an evident connection between the clinical sphere and the environment (Forsberg et al., 2012) , the spread of antibiotic resistance determinants (molecules, ARB and antibiotic resistance genes (ARGs)) in the environment was long understudied. The magnitude of the risk posed by an environment that is heavily contaminated with AR and to which extent ARGs can be transferred from natural bacterial communities to human pathogens is unclear (Manaia, 2017) . The lack of basic knowledge on the ecology of ARB in natural systems highly reduces our understanding of the cycle of AR, and thus the effectiveness of mitigation activities.
Large subalpine lakes have been proposed as potential natural reservoirs for ARGs (Czekalski et al., 2015; Di Cesare et al., 2015) . These environments are ideal long-term models for the occurrence and spread of AR as they were affected by heavy antibiotic pollution already 30-40 years ago, while nowadays regional consumption and release in waters is reduced. Moreover, many of these lakes have a longstanding tradition in limnological science; Lake Maggiore, Lake Constance, Lake Zurich and Lake Geneva are among the historically best studied lakes in the world, and are considered model systems for limnology and for the impact of climate change on Central European freshwaters (Adrian et al., 2009; Dokulil, 2014) . Most subalpine lakes are deep lakes with a now oligo-to eutrophic nutrient state (Anneville et al., 2005; Manca et al., 2007; Bresciani et al., 2011) . In terms of contamination, wastewater entering such environments is generally treated and direct contamination should thus be minimized; however, the urbanization of the area is rather high. We thus propose that subalpine lakes are good study models for the spread of antibiotic resistance genes from the clinic to the environment and back in a highly urbanized but only marginally contaminated environment. In this review, we intend to first define the contamination of subalpine lakes with ARGs and ARB. We then evaluate the potential routes with which these contaminants arrive to the lakes, factors influencing their persistence therein, and last the potential routes back from the environment to the clinical sphere. In particular, we intend to take both anthropogenic pollution as well as ecological interactions into account (Fig. 1 ).
ARG pollution in subalpine lakes
Occurrence of clinically relevant bacteria and genes A wide array of ARB and ARGs have been found in subalpine lakes (summarized in Table 1 ), by applying either molecular genetic identification or cultivationbased techniques. These two methodological approaches differ fundamentally: the former is usually based on either targeting and quantifying specific ARGs by quantitative real-time PCR or by identifying them in metagenomic datasets. Molecular genetic identification has the advantage that resistance genes of the total bacterial community can be detected, including not easily culturable bacteria. On the other hand, the fact that the host of the gene remains unknown hampers risk assessment of these genes to human health (Fluit et al., 2001; Handelsman, 2004) . The latter is based on isolation of specific bacteria, often targeting Enterobacteriaceae or other potential pathogens from the natural environment and then identifying their resistance to antibiotics on a genotypic and phenotypic level (Niemi et al., 1983) . Cultivation-based analysis allows targeting of potential human pathogen and to link bacteria from the clinical sphere to the environment; however, only a very limited number of bacterial taxa can be cultured in this manner (Amann et al., 1995) . Here we review literature using both methodologies, since a combination of the both allows a more holistic assessment of AR contamination in subalpine lakes (Berendonk et al., 2015) . Sediment records show that ARGs and ARB in Lake Geneva increased in the 70's, concomitantly with lake eutrophication (Thevenon et al., 2012) . Thevenon and colleagues found that the bacterial community as well as specific isolates of Escherichia coli Migula and Enterococcus spp. harboured the ARGs bla TEM , aadA, tetA, cmlA and vacA, where some bacteria had a multi-drug-resistant (MDR) phenotype (Table 1) . Contamination of freshwaters with human or animal derived bacteria is suggested by the fact that many clinically relevant bacteria with resistance phenotypes have been isolated in the subalpine area. Zurfluh et al. (2013) sampled 40 rivers and almost 20 lakes all over Switzerland, in order to understand and characterize Extended-Spectrum b- Fig. 1 The figure visualizes the ecology of the hypothesized antibiotic resistance cycle in a subalpine lake. The main sources of antibiotic resistance determinants (i.e. bacterial and plasmidic DNA) to the lake water column are urban wastewaters treated and untreated, livestock and agricultural run-off, aquaculture and wild animal waste. Precipitation, global warming, water stratification and circulation together with sediment resuspension contribute to the spread of AR between compartments. Biological interactions, predation processes and ecological and molecular mechanisms of co-and cross-selection and gene transfer allow its diffusion at different levels of the trophic chain. These points must be considered when assessing potential risks of AR transfer back to human, for example through fishing and recreating activities as well as through drinking water Lactams-resistant (ESBLR) Enterobacteriaceae. They found that about 36% of the isolates were ESBLR and the most prevalent resistance gene was bla CTXM followed by bla TEM and bla SHV (Table 1) .
Moreover, the authors found that strains that were positive for one of the bla gene were also resistant to other antibiotics, demonstrating a MDR phenotype. Other studies based on cultivation approach aimed to (2017) characterize an Aeromonas strain isolated in 2005 from Lake Lugano (Picão et al., 2008) and macrolidelincosamide-streptograminB-resistant (MLS B R) Staphylococci isolated from WWTPs and two tributary rivers of Lake Constance (Rivers Shussen and Argen) (Hess & Gallert, 2014) . The Aeromonas isolate appeared as MDR and positive for the quinolone (qnrS2), aminoglycoside (aac(6 0 )-Ib-cr), penicillin (bla OXA ), chloramphenicol (catB3) and rifampicin (arr-3) resistance genes (Table 1) , all located on an incompatibility plasmid, which was also positively tested for a class 1 integron. Among the staphylococcal strains, 10% were resistant to erythromycin, clindamycin or oxacillin and among the inducible MLS B R strains some were positive for a erm gene (Table 1) . A potential reservoir for such bacteria might be the sediment where Czekalski et al. (2012) in Lake Geneva found higher frequency of putative ARB (sulfamethoxazole/trimethoprim/streptomycin or clarithromycin/tetracycline) compared to the water column of the lake.
On a genetic level a survey of specific sul, tet and qnr genes of 21 Swiss lakes showed that qnrA was always absent, while among the detected genes the sul genes (sul1 [ sul2) were more abundant than the tet genes (Czekalski et al., 2015) . A detailed study on the bla genes in Lake Geneva found bla TEM , bla CTXM , bla SHV and bla NDM , in order of abundance (Devarajan et al., 2015) . In several pelagic and coastal sites on Lake Maggiore, a high prevalence of sul2 and tetA was commonly found, whereas strB and bla CTXM were often only present but not quantifiable by qPCR, and other resistance genes (sul3, qnrA, qnrS, tetM, tetB, bla TEM , bla SHV ) were undetectable (Di Cesare et al., 2015) .
Altogether data suggest the presence of MDR putative pathogens, some of which are possibly able to spread ARGs by horizontal gene transfer, within the microbial communities in the subalpine area, which likely derive from a clinical setting (Zurfluh et al., 2013) . Genetic analysis shows a higher prevalence of sul and tet genes. In fact, in the past, tetracyclines and sulfonamides were heavily used in human care in the Subalpine area. Nowadays, the spread of ESBL phenotypes and high frequencies of bla genes is more alarming, since Beta-lactamases are currently the most used antibiotics in central European countries for human care (European Center for Disease Prevention and Control, 2017) . However, the occurrence of resistances to antibiotics that are not commonly used anymore in nature might hamper the possibility to use them again in the future (Di Cesare et al., 2015) .
Sources of ARG pollution and routes to the lake Globally, anthropogenic pollution is considered the main factor promoting the spread of ARGs, and there seems to be a consensus on the fact that direct discharge of ARB into freshwater bodies has the biggest impact on the further occurrence of ARGs in lakes (Kümmerer, 2004; Martinez, 2009) . Agriculture, WWTP effluents and aquaculture are considered the most important sources of ARB of anthropogenic origin (Pruden et al., 2013) . A predictive model applied to the catchment basin of the River Thames finds WWTPs as important punctual sources of ARGs pollution flanked by a diffuse pollution from agricultural fields and farms (Amos et al., 2015) . Here we summarize data suggesting that some of these sources also play an important role in the spread of ARGs in subalpine lakes and additionally discuss the potential role of birds as vectors (Fig. 1 ).
WWTP effluents
WWTP effluents have been found to harbour a wide array of ARGs and ARB which can be attributed to the fact that they are designed to remove potential human pathogens (i.e. faecal indicator bacteria, FIB) and not ARs (Czekalski et al., 2012; Alexander et al., 2015; Caucci et al., 2016; Czekalski et al., 2016; Di Cesare et al., 2016b) . Moreover, the use of heavy metals as chelating agents and of hard disinfection systems might even promote the occurrence of ARGs through mechanisms of genetic co-selection (Pal et al., 2015; Di Cesare et al., 2016c; Li et al., 2016) . As a result, in Lake Geneva, ARG concentrations are highest in sediments close to the WWTP efflux, indicating that the WWTP itself is acting as a point source for their release into the environment (Czekalski et al., 2014) . There the authors found a higher prevalence of sul genes (sul1 [ sul2) than tetracycline resistance genes (tetM and tetW [ tetB) (Table 1 ). More indirect evidence suggests similar mechanisms in other lakes: in Lake Maggiore some of the same genes are found in the local WWTP effluents as later in the lake, including sul2, tetA and bla CTXM (Di Cesare et al., 2015 , 2016a .
Animal farming and agriculture
The massive use and the misuse of antibiotics in intensive animal farming represent a major threat for the spread of resistances into the environment (Berkner et al., 2014) . Few studies evaluated the relative impact of veterinary versus human health care in terms of antibiotic consumption (European Center for Disease Prevention and Control, 2015) . Lately, it seems evident that veterinary consumption is significantly higher than clinical consumption and that there is no trend towards the reduction of the use of antibiotics as seen in clinic in several countries (De Briyne et al., 2014) . A report from the Canadian Government is among the first that quantitatively compared the prescription in human and animal cares, and it demonstrated that, in Canada, about 70% of the antibiotics are used (and misused) in animal farming (Public Health Agency of Canada, 2016). In addition, also antibiotics used in plant agriculture can promote ARB spread and persistence (McManus et al., 2002) . Furthermore, the use of manure as fertilizer allows the spread and the proliferation of ARB in agricultural fields and from there, into the environment (Heuer et al., 2011) .
Agricultural activity in the Alpine Region is limited by orography, and the land use is mainly devoted to grassland, and to low-impact productions (wine, apples, other fruits) in terms of antibiotic consumption. Moreover, national and international regulations (e.g. The Alpine Convention of 1991, Natura 2000, and others) impose a significant limitation to intensive agriculture and non-sustainable animal farming. Still, the few studies available on this topic suggest a significant impact of agriculture in the spread of resistances, demonstrating the need for a better integration of the veterinary and human cares prescription data and a merged management of the problem (one-health perspective). For example, ARGs, namely tetA, ermB, bla CTXM , sul2 and qnrS (Table 1) , have been found to increase in a tributary river (River Toce) of Lake Maggiore during a rain event, suggesting a potential source of ARGs pollution from agricultural run-off (Di Cesare et al., 2017) .
Aquaculture
In some areas of the planet, aquaculture represents an important cause of pharmaceuticals and ARGs release into aquatic systems, and occurrence of antimicrobial residues was reported from several aquaculture products (Grave et al., 1990; Alderman & Hastings, 1998; Guardabassi et al., 2000; Cabello, 2006) . The Alpine Region is little affected by this pollution source as, based on the precautionary principle, the European Union issued total bans on antibiotic growth promoters to combat the risk of AR spread to human, animal, and plant health, providing best practices and clear guidelines (Serrano, 2005; Cogliani et al., 2011) . Furthermore, new strategies such as the use of probiotics have been implemented to treat fish disease of bacterial origin (review by Fečkaninová et al., 2017) . The correct use of antibiotics in aquaculture in Europe is one of the few examples of measures applied to reduce the risk of AR, directly involving rivers, streams and lakes in the Subalpine area. Thus, aquaculture is of minor importance as a source of ARGs in such lakes.
Birds as potential transmitters
Multiresistant Enterococcus spp. have been recovered from faeces of birds such as pigeons but also owls and birds of prey, which were supposed to have had only very limited contact with humans (Poeta et al., 2005; Guenther et al., 2010) . Birds might be important as potential transmitter of ARB since they travel long distances. In fact, wild migratory geese and mallard ducks harboured AR E. coli strains (Sayah et al., 2005; Ewers et al., 2009 ). Geese and mallards are interesting inasmuch as they might feed in farmlands and then transmit ARB from there to surface waters (Hirst & Easthope, 1981; Alisauskas et al., 1988) . Similarly, migratory gulls, crossing most of the Alpine area when migrating, might be important vectors for ARGs in subalpine lakes. Guenther et al. (2011) , provide an extensive overview of the recent findings of ESBL containing E. coli strains in various species of gulls and other birds all over Europe. It has been hypothesized that MDR bacteria found in the gull faeces might be due to the fact that these birds feed in sewage water (Nelson et al., 2008; Guenther et al., 2010; da Costa et al., 2013) , and significantly more MDR E. coli were found in gulls compared to birds of prey of the same area (Varela et al., 2015) . Gulls might thus act as a direct vector from untreated sewage to lake water. In fact, current data on ESBL containing E. coli, suggest a strong connection between wild birds, domestic animals and the clinical sphere (Guenther et al., 2011; Varela et al., 2015) . Moreover, the problem of ARG transmission by birds might even increase in future since global change causes an increasing dominance of generalist feeders, such as gulls, geese and ducks among the avian fauna (Epstein, 1998) .
Factors influencing the persistence of ARB and ARGs in lakes
Above, we establish that ARB can reach lakes on various routes; however, once arrived in a lake a variety of factors determine their fate. In fact, of the many genes that arrive for example from a WWTP effluent, only some can later be found in the microbial community of natural water (Munck et al., 2015) . This indicates that specific ecological conditions allow or suppress the persistence of such ARB in the environmental microbial community. In fact, some ARB found in, i.e., Lake Maggiore seem to be affiliated with autochthonous bacteria: the ARGs tetA and sul2 were statistically related to O 2 and chlorophyll a concentrations, suggesting that they are not continuously seeded into the lake, but form part of the autochthonous bacterial assemblage (Di Cesare et al., 2015) . Thus, water quality and trophic conditions might influence the abundance of ARGs such that the growth of specific bacteria containing ARGs might be promoted. One big gap in knowledge is the identity of the ARG harbouring bacteria in temperate lakes, and consequently no conclusion can be drawn on their ecological behaviour. Here we discuss chemical pollution and ecological species interactions as the most likely factors that determine the success of ARB within the bacterial communities (Fig. 1) .
Chemical pollution
Lake pollution with pharmaceuticals might be a factor favouring the growth and survival of ARB. The concentrations of antibiotics themselves and their fate in aquatic environment represent a challenging research topic due to the analytical difficulties of measuring low concentrations and the fact that even low doses might have an impact (Berglund, 2015) . Consequently, data were collected in wastewater treatment influents and effluents but rarely in lake water (e.g. Buchberger, 2007; García-Galán et al., 2008) . Moreover, concentrations are often below the technical detection limits (ng l -1 ) due to natural processes, i.e. dilution by surface water, sorption onto suspended solids and sediments, and chemically and biologically induced degradation (Fatta-Kassinos et al., 2011; Carvalho & Santos, 2016) . Low-dose antibiotics and sub-inhibitory antibiotic concentrations have important effects on several crucial issues (Davies et al., 2006) from the regulation of host responses to modulation of bacterial virulence factors to acquisition of antibiotic resistance genes in both clinical and natural environment (Nosanchuk et al., 2014) . In particular, sub-inhibitory concentrations were suggested to have selective effects on the enrichment of resistance genes in natural resistome of pristine environments (Sjölund et al., 2008) . Studies on Lake Geneva showed that measurable concentrations of the antibiotics ciprofloxacin, sulfamethoxazole and azithromycin; carbendazim can be found in the surface water nearby the WWTP effluents, and some of them were still detectable at considerable distance (Bonvin et al., 2013; Hoerger et al., 2014) . Sulfamethoxazole was also measured in Lake Constance (Moschet et al., 2013) . Interestingly, as mentioned above, sul resistance genes are particularly common in such environments (Table 1) (Czekalski et al., 2012 (Czekalski et al., , 2014 (Czekalski et al., , 2015 Di Cesare et al., 2015) . However, to which extent these antibiotics select for ARB in lakes is still largely unknown and should be a topic of major importance for future research (Carvalho & Santos, 2016) . Organic pollutants other than antibiotics or mineral substances with toxic, persistent and bioaccumulative properties, synthetic and natural trace contaminants that may be present in water at low to very low concentrations (pg l -1 to ng l -1 ) (Schwarzenbach et al., 2010) deserve future attention, since such compounds are also found in subalpine lakes such as Lake Geneva and Lake Constance (Bonvin et al., 2013; Moschet et al., 2013) .
In addition, heavy metals (HM) altered the state of lake sediment in which they accumulate and might exert co-selection on ARGs (Di Cesare et al., 2016a) . The level of HM pollution is several orders of magnitude greater than antibiotic pollution and heavy metal resistance genes can be co-selected with ARGs (Baker-Austin et al., 2006) . Furthermore, heavy metal and antibiotic resistance are cross-selected based on the fact that regulating factors of gene expression of efflux pump can also regulate resistance genes (Perron et al., 2004) . At least some lakes within the Subalpine area have high concentrations of HM in their sediments, either due to industrial pollution, such as Lake Orta (Rogora et al., 2016; Vignati et al., 2016) , or past atmospheric deposition, as assumed for Lake Constance (Müller et al., 1977) . In contaminated systems, HM seem to commonly accumulate in animals as found e.g. in the large Italian subalpine lakes or in Lake Mondsee in Austria (Sures et al., 1999; Camusso et al., 2001) . The presence of HMs might somehow maintain ARGs since, as mentioned above, resistance genes to both substances can reach the lake together with the discharge of local WWTPs (Di Cesare et al., 2016c) , and persist by genetic co-selection when only a single stress factor (in this case HM pollution) is impacting on the bacterial community.
Ecological interactions
The pelagic bacterial communities of subalpine lakes are generally controlled by bottom-up factors considering that their environment is poor in nutrients and cold (Salcher, 2013) . Many natural freshwater bacteria are adapted to low nutrient conditions (Newton et al., 2011) and are therefore likely able to outcompete bacteria deriving from a nutrient-rich environments, such as the gut or WWTPs (Hibbing et al., 2010) . However, no experimental studies exist so far which would elucidate how competition with the natural bacterial community modulates the survival of ARB (Wanjugi & Harwood, 2013) .
The second main controlling factor of freshwater bacterial communities is predation (Salcher et al., 2007) . Flagellated predator might influence the appearance of antibiotic-resistant bacteria in two contrasting ways: Firstly, a major reason of the disappearance of bacteria originating from WWTP is protistan grazing (González et al., 1992; Wanjugi & Harwood, 2013) . This is probably due to the fact that opportunistically growing bacteria with thin cell walls, as many enteric bacteria, are particularly susceptible to grazing (Gasol et al., 1999) . On the other hand, many freshwater bacterial grazers naturally produce antibiotics (Blom & Pernthaler, 2010) . It has been suggested that bacteria that are resistant to natural antibiotics might profit in a dual manner from this resistance by (1) not being killed and (2) profiting from the organic carbon released by the predator (Eckert et al., 2013; Leisner et al., 2016) . Even though most antibiotics used are not natural but synthetic or semisynthetic, the genetic resistance to natural antibiotics can sometimes confer resistance to synthetic antimicrobial compounds (Toh et al., 2007) .
Additionally, a potential niche for ARB is the intracellular proliferation in protists (Abraham, 2010) , such as amoeba for Legionella pneumophila Brenner, Steigerwalt and McDade (Fliermans et al., 1981) . Horizontal Gene Transfer (HGT) of antibiotic resistance genes between pathogenic bacteria has been shown inside protists (McCuddin et al., 2006) . Furthermore, protistan ciliate predation was shown to increase the abundance of a plasmid conferring antibiotic resistance survival due to HGT (Cairns et al., 2016) . However, it remains to be investigated whether such events also occur in natural freshwater systems and to which extent such species interactions are important for events of HGT (Hiltunen et al., 2017) .
In clinical settings, ARB and potential pathogens are known to have a selective advantage when allowed to grow in biofilms (Costerton et al., 1999) . We are not the first to postulate that in the same manner the chance of survival of bacteria entering freshwater systems, e.g. from WWTPs, might increase if they can grow within biofilm-like structures (Hall-Stoodley & Stoodley, 2005) . Such biofilms might be formed on biotic (i.e. on animals or plants) and abiotic surfaces. (i.e. stones or sediments). In fact, FIB can be predominantly found in the sediments in proximity of the WWTP inflows in Lake Geneva John et al., 2009 ). In addition, also microplastic might be a substrate for microbial biofilms (Stewart & Costerton, 2001) which is a common pollutant of subalpine lakes (Faure et al., 2015) .
The vicinity of cells that grow in biofilms allows cell-cell communication and favours the exchange of genetic material. HGT occurs by three main mechanisms: transduction, transformation and conjugation (summarized e.g. in Di Cesare et al., 2016b) , where the latter is the most common HGT mechanism in aquatic systems (summarized in Heuer & Smalla, 2007) . Generally, HGT of ARGs is a common event and can even occur between phylogenetically distant bacteria. Cell-cell communication and HGT have been shown to occur directly in aquatic biofilms on stones and in lake sediments (Bale et al., 1987; Lumjiaktase et al., 2010) . Various studies showed the possibility of conjugation of potential pathogens in aquatic environments testing the transfer of plasmid and/or ARGs from donors to recipients in experimental conditions (Soge et al., 2009; Di Cesare et al., 2014; Pasquaroli et al., 2014) . Anthropogenic water pollution, e.g. from WTTP effluents, often cause increased abundances of the integron 1 gene (int1) (Lehmann et al., 2016; Gillings, 2017) . Int1 itself is not a mobile element but is often associated with them and with ARGs (Ma et al., 2017) . Thus, the finding of this gene in effluents of WWTPs of the subalpine area hints towards a potential for the transfer of ARGs (Di Cesare et al., 2016a) . Moreover, as mentioned above, ARGs that are involved in the gene fluxes among different organisms are often associated with other genes, i.e. heavy metal resistance genes (Di Cesare et al., 2016a, b) or toxin-antitoxin systems (Morroni et al., 2016) and thus selection might not necessarily act on the ARG itself but on an associated gene. Thus once a plasmid is acquired horizontally it might also transfer vertically to the next generation through such selection mechanisms, and thereby the genes might disseminate within the natural bacterial community.
The equivalent of biofilms in the water column are bacterial microcolonies, aggregates and bacterial clusters attached to floating organic particles, such as lake snow (Grossart & Simon, 1998; Simon et al., 2002) , which may allow the survival of bacteria that are not competitive in open waters. Legionella sp., for example, are found as part of the natural lake bacterial community in waters of temperate areas (Fliermans et al., 1981; Garcia et al., 2013) and L. pneumophila can survive for an extended period of time in floating biofilms in lakes (Borella et al., 2005; Declerck et al., 2007) . Furthermore, low dose of antibiotics trigger coaggregation of freshwater bacteria (Corno et al., 2014) , as do other stressors such as predation or disinfectants (Corno et al., 2012; Di Cesare et al., 2016b) . Consequently, the adaptation of a bacterium to antibiotics might lead to changes in the food-web structure. If bacteria, for example, co-aggregate this might have consequences for the carbon transfer to higher trophic levels (Corno et al., 2012) . In an experiment, it has been shown that the evolutionary adaptation of the bacterium Pseudomonas fluorescens Migula to sublethal gentamycin concentrations caused ecological changes in their predator community by lowering the ratio of predator to prey and decreasing predator diversity (Friman et al., 2015) . Thus, phenotype and evolutionary adaptation of bacteria to antibiotics has an effect on their protistan grazers. All in all, low dose of antibiotics can even increase HGT due to augmented rates of aggregating bacteria. Biofilm-like structures may also help antibiotic-sensitive strains to find a refuge between resistant strains, when under antibiotic pressure (Narisawa et al., 2008) . Low dose of antibiotics, as found in Lake Geneva and Lake Constance (Morasch et al., 2010; Moschet et al., 2013) , might thus play an unexplored role in the longterm maintenance of ARGs in these lakes.
Bacterial biofilms, allowing the spread of ARB, might not only be advantageous when formed on abiotic surfaces but also on animals (Allen et al., 2010) . In 1971, Huber and colleagues have already analysed and identified antibiotic-resistant E. coli in wild animals and other researchers have more recently stressed the importance of considering animals when studying the spread of ARGs (Guenther et al., 2011; da Costa et al., 2013) . Many studies analysing the proliferation of ARB in or on higher organisms in freshwaters focus on fish in aquaculture. Attachment of ARB to fish is, however, not limited to aquaculture. E. coli strains harbouring various types of the extended-spectrum b-lactamase bla CTXM have been isolated from perch, white fish, roach, bream, sunfish and brown trout from oligo-mesotrophic Lake Zurich and whitefish from oligotrophic Lake Thun (Table 1) . In addition, a whitefish-associated E. coli and a Citrobacter freundii Braak strain contained the gene bla SHV (Table 1) (Declerck et al., 2007; Abgottspon et al., 2014) . Interestingly, the strains and genes isolated from these fish strongly resemble the ones isolated from the human population of the area (Geser et al., 2012; Nüesch-Inderbinen et al., 2013) as well as from the regional aquatic environment (Zurfluh et al., 2013) , suggesting a transmission of such ARB from the clinical to aquatic environment. In addition, HGT of multiple drug resistance plasmids between human pathogens and fish-associated bacteria have been demonstrated in close to natural conditions (Kruse & Sørum, 1994) . In addition, fish move vertically and horizontally in a lake and may thus help spreading ARGs from a point source throughout the lake.
Filtration feeders, such as shrimps or mussels, are animals that filter water in order to obtain organic particles as a food source. Due to their filtration activity, they concentrate certain size fractions of bacteria and are thus interesting targets to study antibiotic resistance genes. Antibiotic-resistant E. coli have long been identified in freshwater mussels (Cooke, 1976) and the load of FIB in the mussels was considered to reflect the grade of contamination of the surrounding waters (Al-Jebouri & Trollope, 1984) , to such extent that these were even considered suitable for the monitoring of faecal contamination (Turick et al., 1988) . However, more recent studies showed that there is a complex interaction between mussels and faecal bacteria, since bivalvian hemocytes have a bactericidal effect (Xu & Faisal, 2010) even on multi-resistant E. coli and enterococci strains (Antunes et al., 2014) . Mussels might thus not necessarily accumulate ARB but may even reduce their abundances in waters (Antunes et al., 2010) .
Mussels are not the only filtration feeders in aquatic environments, and attention should also be devoted to zooplankton species. As host organisms, zooplankton species are infamous for temporary harbouring Vibrio species among which is the prominent pathogen Vibrio cholera Pacini (Huq et al., 1983) . In freshwaters, Enterobacter faecalis Andrewes and Horder has been shown to persist when attached to copepods (Signoretto et al., 2005) . Moreover, freshwater zooplankton such as Daphnia sp. have been demonstrated to take up and later release bacteria (Grossart et al., 2010) . Much like hypothesized for fish, daphnids and copepods might thus take up ARB at a contamination source and release them in other parts of the lake. In fact, the tetracycline resistance gene tetA has been found to accumulate in daphnids while concomitantly reducing in abundance in the surrounding water (Eckert et al., 2016) . Bacteria on daphnids grow in close vicinity, and they might finally constitute a hotspot for HGT of ARGs to autochthonous lake water bacteria (Eckert & Pernthaler, 2014; Eckert et al., 2016) .
Potential routes back to clinic
In order to actually be a threat to human health, ARGs should return from the environment to the clinical sphere (Huijbers et al., 2015; Manaia, 2017) . Little to no studies have evaluated the actual risk posed by ARB from the subalpine environment to human health. The assessment is moreover hampered by the fact, that in many cases the ARGs are detected and known, but it remains unclear with which bacterial taxa they are affiliated, hampering the risk assessment for human health (Manaia, 2017) . Ideally, three main routes can be imagined in the subalpine area: fishery, recreation and drinking water (Fig. 1) .
As mentioned above, even natural lake fish can harbour clinically relevant ARB (Abgottspon et al., 2014) , which might be transmitted back to humans. A lot of attention has been devoted to marine fish or aquaculture as a source of ARB (e.g. Di Cesare et al., 2012; Rodríguez-Blanco et al., 2012) , but so far, no risk assessments exist for freshwater fish of subalpine lakes for ARB transmission.
Subalpine lakes are commonly used for recreational activity, such as swimming. Thereby humans might get into direct contact with environmental bacteria harbouring ARGs. An epidemiological study conducted in Norway showed that regular bathing in freshwater lakes increases the risk of urinary tract Infections caused by ESBL-producing Enterobacteriaceae (Søraas et al., 2013) . In some cases, outbreaks of E. coli O157:H7 were shown to be associated with swimming in lakes in the USA (Keene et al., 1994; Samadpour et al., 2002) . Other bacterial infections that have been related to lake swimming are for example otitis (van Asperen et al., 1995) or wound infection (Semel & Trenholme, 1990) . Again, the actual risk of recreational activities in terms of contact with AR are unknown and difficult to evaluate (Ashbolt et al., 2013) .
Many subalpine lakes, such as Lake Zurich, Lake Geneva and Lake Maggiore, serve as direct drinking water reservoirs. However, the impact of modern drinking water treatments on the removal antibiotic resistance genes are severely understudied. ARGs have been detected in drinking water for example in the USA and in Portugal (Pruden et al., 2006; VazMoreira et al., 2011 ) and a study conducted in Germany suggests that ARB might accumulate in biofilms of drinking water disinfection systems (Schwartz et al., 2003) . Analysis of the role of drinking water systems should be of utmost priority as a potential source of ARB (Ashbolt et al., 2013) .
Conclusions
Studies on ARB and ARGs in the environment are still in their infancy. It is, however, clear that many clinically relevant bacteria and ARGs can be found in natural water of the Subalpine area. WWTP effluents seem to be of particular importance in seeding ARGs into the subalpine lakes environment. However, not many studies have addressed the importance of other pollution sources as agricultural fields and husbandry, and pollution factors such as antibiotics and HMs in selecting for ARGs. Moreover, animal-bacteria interactions might complex the situation since wild animals might be carriers and vectors of genes, and therein located biofilm structure helps in maintaining ARGs in the bacterial community. Several routes, such as fishery, recreation and drinking water, are proposed as potentially important for ARB to be transmitted from the environment to the clinical sphere, but current data does not allow a risk assessment.
Whereas resistances to sulfonamides and tetracyclines seem to be more constitutively present in the subalpine lake environment, Beta-lactam resistance might be more related to direct contamination. Data on ESBL show a connection between the medical sphere and wild animals, i.e. fish and birds. It is, moreover, interesting that the ESBL gene bla CTXM is commonly also found in meta-community studies of WWTPs, water columns and sediments. Considering data from both the cultivation approach and the metagenomic analysis together, the bla CTXM gene appears of particular use as a model to study the cycle of antibiotic resistance gene in subalpine lakes.
We are certain that only a holistic approach of collaborations between WWTP engineers, agronomists, veterinary and medical scientist and ecologist will allow to disentangle the source and sinks of ARGs and ARB from the environment to clinic and back. With the current data available, it is still not possible to undertake large-scale mitigation measures supported by scientific conclusions within the Alpine area.
